The relationship between larval fish assemblages and coastal oceanography is the basis for much of our understanding of connectivity and productivity of fish populations. Larval fish assemblages were sampled from the upper mixed layer (,50 m depth) at three prominent circulation features [separation of the East Australian Current (EAC), anticyclonic eddy, and cyclonic eddy] off the southeast Australian coast across three bathymetric zones (shelf, slope and ocean) for each feature. The separation of the EAC from the coast at 328S was characterized by warmer, less saline water compared with the cyclonic and anticyclonic eddies further to the south ( 34 and 358S, respectively), which were both characterized by cooler Tasman Sea water and greater fluorescence. The anticyclonic eddy had separated from the EAC three months prior to sampling, which facilitated the movement of a cyclonic eddy from the Tasman Sea westwards to the shelf at 348S. The larval assemblage in the EAC had high numbers of fish of the families Labridae and Stomiidae. The cyclonic eddy was characterized by larval clupeids, carangids, scombrids and bothids, indicating recent entrainment of shelf waters and proximity to major spawning regions. In contrast, the anticyclonic eddy had fewer larval fish, with little evidence for entrainment of shelf assemblages into the near-surface waters. Myctophids were found in high abundance across all oceanographic features and bathymetric zones. The evidence of selective entrainment of coastal larval fish into the near-surface waters of a cyclonic eddy compared with a similar anticyclonic eddy indicates a potential offshore nursery ground.
Introduction
Boundary currents influence both oceanographic patterns and larval fish assemblages over the adjacent continental shelves (Sassa et al., 2004; Govoni et al., 2013) and have the potential to promote connectivity among coastal regions over great distances (e.g. Booth et al., 2007) . Mesoscale circulation features generated by boundary currents can provide mechanisms for larval aggregation (Harrison et al., 2013) , cross-shelf transport (Hare and Cowen, 1996) and larval retention (Rodriguez et al., 2009; Sabatés et al., 2013) , as well as promote larval survival and growth (Logerwell and Smith, 2001; Govoni and Hare, 2001; Govoni et al., 2013) . Among the most commonly observed mesoscale features are anticyclonic eddies with a warm downwelled core, and cyclonic eddies with a cooler upwelled core (Ridgway and Dunn, 2003; Everett et al., 2012) . In the northern Pacific, e.g., the Kuroshio Current and its composite mesoscale features provide an important winter spawning (Sassa et al., 2004) and nursery area (Takahashi et al., 2001) for fish.
Mesoscale eddies generally entrain or otherwise influence larval fish assemblages in a variety of systems around the world, including the Gulf of California (Sanchez-Velasco et al., 2014) , the Canary Islands (Rodriguez et al., 2009) , the western Mediterranean (Sabatés et al., 2013) , the Gulf of Alaska (Atwood et al., 2010) , the west coast of the USA (Logerwell and Smith, 2001) , the southeastern USA (Hare and Cowen, 1996; Govoni and Hare, 2001; Govoni et al., 2010; Govoni et al., 2013) , Western Australia (Gaughan, 2007; Holliday et al., 2011; Muhling et al., 2007) and the east Australian coast (Mullaney et al., 2011) . Generally, cyclonic cold core eddies provide better habitat for growth and survival of larval fish (though not always, e.g. Sanchez-Velasco et al., 2014) , whereas those of warm core eddies often do the opposite, sometimes carrying entrained shelf larvae offshore, thereby affecting recruitment (Gaughan, 2007; Muhling et al., 2007) . With the exception of Muhling et al. (2007) , few of these studies have looked simultaneously at both cyclonic and anticyclonic eddies to better understand the potentially differing influences of each within the same system.
The poleward-flowing East Australian Current (EAC) shapes much of the ecology of the east Australian coastal shelf region . Between 31 and 338S, the EAC separates from the coast and recirculates northward (also known as a retroflection). South of this region is an area of persistent sea surface anomalies, which include both anticyclonic eddies with a warm downwelled core and cyclonic eddies with a cooler upwelled core (Ridgway and Dunn, 2003; Everett et al., 2012) . These are variable but reoccurring features of the western Tasman Sea (Bowen et al., 2005) , so understanding oceanographic variability and the role it plays in structuring larval fish assemblages is important in our growing understanding of fisheries ecology.
Larval assemblages, in terms of taxonomic richness and abundance, differ among the EAC, Tasman Sea and mixed EACTasman Sea waters Syahailatua et al., 2011) . These mixed waters occur predominantly just south of the separation zone and form a diversity of water types and larval assemblages in a region known as the western Tasman Front (wTF, Mullaney et al., 2011) . The Tasman Front is the eastward-tracking portion of the EAC, where larval abundance and diversity rapidly declines with distance from the coast, suggesting that the western Tasman Front is a pelagic nursery area (Mullaney et al., 2011) and similar to that of the Kuroshio -Oyashio region (Takahashi et al., 2001) . The western Tasman Front may serve to entrain and transport larval fish from the shelf to offshore regions, especially those of the commercially important taxa (Clupeidae, Carangidae and Scombridae) that spawn on the northern shelf . Given the very high levels of eddy activity in the region (Everett et al., 2012) , it is likely that entrainment into the western Tasman Front is facilitated by eddies; however, we currently know very little about this process.
Entrainment of shelf water is driven by a variety of processes, such as velocity shear between the shelf waters and the boundary current, through frontal eddies and horizontal mixing (Mullaney and Suthers, 2013; Govoni et al., 2013) . Our overarching goal in this study was to examine entrainment of shelf taxa into off-shelf eddies by sampling the three major oceanographic features off New South Wales (anticyclonic eddy, cyclonic eddy and separation zone) and across three major bathymetric depth zones (shelf, slope, ocean) in the same voyage. Specifically, the aims of our study were to determine the major oceanographic habitats that constitute the usually well-mixed waters of the western Tasman Front, and examine larval fish family assemblages in relation to these habitats.
Methods

Study site and prevailing oceanography
The study area, off the coast of southeast Australia, extended from Diamond Head to Jervis Bay (Figure 1 ) and encompassed three prominent oceanographic features: (i) the separation zone, (ii) a cyclonic ("cold core") eddy, and (iii) an anticyclonic ("warm core") eddy. The cyclonic eddy formed 3 months prior to sampling (late July 2010) and separated from the EAC at the usual location of high sea surface anomalies (Everett et al., 2012 , see http:// oceancurrent.imos.org.au/, last accessed 7 June 2012). This eddy then remained off Jervis Bay (358S) as a surface depression before shifting westward from the Tasman Sea and settling between the EAC and the anticyclonic eddy in mid-August. By the time of sampling in October, each of the two eddies were 2 -3 months old. The three features were sampled over 12 d in early spring (between 22 September 2010 and 5 October 2010), when fish spawn in the region Syahailatua et al., 2011) . As there is evidence that different foodwebs and communities can be encountered across the continental margin (e.g. Bauer and Druffel, 1998; Brandt et al., 2007) , we stratified sampling from the shelf to the offshore region of each of the three oceanographic features across three Figure 1 shows SST images at the beginning and mid-point of the voyage, with sampling points overlaid to provide a synoptic view of the surface oceanography.
Sampling methods
Larval fish assemblages were sampled using a Multiple Opening/ Closing Net and Environmental Sampling System (MOCNESS) with five 330-mm mesh plankton nets. Only the upper net sampling 0 -50 m from the surface was analysed in this study, as this is where most larval fish reside (Cha et al., 1994; Syahailatua et al., 2011) . MOCNESS deployments were performed for each feature and in each bathymetric zone (shelf, slope and ocean). Deployments were stratified by Day or Night over two replicate days, such that two samples were obtained from each feature, bathymetric zone and diel period. Plankton samples were removed from the net and whole samples preserved in a buffered 5% formalin/seawater solution in 1-l plankton jars. Towed volume was calculated from the mouth area of the net and multiplied by the distance towed, as measured by a calibrated flow meter attached to the net, and total larval counts were standardized to volume (ind. per 100 m 3 ). Oceanographic data was obtained at each station using a conductivity -temperature -depth sensor (CTD) containing an integrated SBE911plus and fluorometer. The CTD was deployed after each group of tows, generally within one to a few hours, at the location of MOCNESS deployments. A full summary of sampling in this study is presented in Supplementary Table S1. In the laboratory, fish larvae were sorted from samples and identified to family level (then also to species level for the numerically abundant and commercially important families) (Neira et al., 1998) .
Cyclonic entrainment
Statistical analyses
Initial data exploration showed that there was no significant effect of the diel period on either environmental or biological variables (all p . 0.25). As such, we followed a conventional approach for post hoc pooling (Quinn and Keough, 2002) and excluded the term because it was not statistically significant (p . 0.25). Differences in the environmental conditions among oceanographic features (separation zone, cyclonic eddy and anticyclonic eddy) and bathymetric zones (shelf, slope and ocean) were initially evaluated by visual comparison of average temperature and salinity vertical profiles for all samples taken in each feature/bathymetric zone combination. While this allowed for a general comparison of whole-water-column characteristics across the features and bathymetric zones, it was also important to specifically compare variation within environmental characteristics across the top 50 m of the water column, as this was the area from which the larval fish were evaluated. Thus, we compared differences in environmental variables (temperature, salinity, dissolved oxygen, pH and fluorescence) averaged over the top 50 m of the water column among oceanographic features and bathymetric zones using a TemperatureSalinity (T-S) plot and Principle Component Analysis (PCA) on 4th root transformed data (Clarke and Gorley, 2006) . We then tested the null hypothesis of no difference in environmental variables among features and bathymetric zones using a permutational multivariate analysis of variance (PERMANOVA, Primer-E with PERMANOVA) on a Euclidean distance matrix calculated from normalized data (999 permutations).
Family richness in each oceanographic feature and bathymetric zone were examined graphically, and average abundances for each family tabulated (Table 1 ). The weighted T-S signatures for 18 common families (Table 1 , defined as families representing . 0.5% of the community by numerical abundance) were calculated as the summed product of each station's concentration of each family by T or S, divided by that family's total larval concentration (Mullaney et al., 2011) . Larval concentration data were log 10 (x + 1) transformed to emphasize rarer fish families so as to separate different assemblages, and sample resemblance was expressed using a Bray -Curtis similarity matrix. Abundance data for all families were compared among transects and among zones using a PERMANOVA, and the families with the largest contribution to dissimilarity among features were evaluated using SIMPER analysis. A distance-based linear model (DistLM, Anderson et al., 2008) was used to compare correlations between oceanographic variables (temperature, salinity, dissolved oxygen, pH and fluorescence) and the larval fish assemblage. This analysis uses permutation routines to calculate a distance-based multiple regression. The "step" selection procedure for this model used Akaike Information Criteria (AICc). Overarching correlations between oceanographic variables and larval fish assemblages were examined using Principal Coordinated Ordination (PCO) of a symmetric distance matrix (Anderson et al., 2008) .
Results
Environmental variables
The EAC separated from the coast at 31.98S 152.98E, with the separation zone and eddies being clearly visible in SST images over the sampling period (Figure 1b and c) . Sea surface temperatures for the EAC ranged from 22 -238C over the period of sampling, whereas those of the more southerly eddies were in the range of 17-198C (Figure 1 ). Separation zone waters were consistently warmer than those of either eddy at all depths, and while cyclonic eddy waters were warmer than those of the anticyclonic eddy down to about (Figure 2a) . Salinity was lowest in the separation zone down to 60 m, where it increased slightly compared with eddies in which it gradually reduced with depth ( Figure 2b ). Surface fluorescence was greatest in the cyclonic eddy and lowest in the separation zone. Deeper mixing in the separation zone ( 80 m) compared with the eddies ( 50 m), however, led to values being quite similar below 100 m (Figure 2c ). Within the top 50 m, waters of the separation zone were consistently warmer and of lower fluorescence than in either of the eddies, though salinity was highly variable (Figure 3a) . This result was supported by Principle Component Analysis (PCA), although there was little clustering by bathymetric zone (Figure 3b ). The separation zone was relatively dissimilar from the cyclonic or anticyclonic eddy features, which showed a moderate level of overlap (Figure 3b) . Separation between these sites mainly occurred along PC1 and was primarily driven by temperature, fluorescence and salinity differences. Minor separation between the cyclonic and anticyclonic eddy stations occurred along PC2 and was primarily driven by pH (0.74) and dissolved oxygen (0.58). PERMANOVA verified separation by feature (pseudo-F 2,22 ¼ 15.62, p ,, 0.01), but there were no significant differences among bathymetric zones (pseudo-F 2,22 ¼ 1.53, p ¼ 0.17) and no significant interaction between features and zones (pseudo-F 4,22 ¼ 1.07, p ¼ 0.39).
Larval fish assemblages
A total of 6769 larval fish were sampled, which belonged to 74 families (Table 1, Figure 4) . The weighted T-S plot revealed more Labridae and Stomiidae in the warmer and lower salinity EAC water, while larvae from shelf-spawning families such as clupeids, carangids and scombrids were present in greater abundance in the cooler (, 208C) and less saline water (Figure 4 ).
There was a general trend of greater richness in larval fish families on the shelf than in the other bathymetric zones, and slightly higher richness in the cyclonic than the anticyclonic eddy ( Figure 5) . Some of the families appearing in our samples were dominated by a single genus or species. Those families for which .90% of individuals belonged to a single genus or species included Clupeidae (Sardinops sagax), Carangidae (Trachurus spp.), Macroramphosidae (Macroramphus spp.), Howellidae (Howella spp.), Callanthidae (Callanthius australis), Cepolidae (Cepola australis), Engraulidae (Engraulis australis) and Sillaginidae (Sillago sp.). Also, Scomber australasicus comprised .50% of individuals within Scombridae.
PERMANOVA indicated a significant effect of both oceanographic feature (pseudo-F 2,22 ¼ 4.22, p ,, 0.01) and bathymetric zone (pseudo-F 2,22 ¼ 3.17, p ,, 0.01) on the larval fish community, but with no significant interaction term (pseudo-F 4,22 ¼ 1.18, p ¼ 0.23). Post hoc pair-wise tests indicated that assemblages differed significantly among all features (SZ -CY, t ¼ 2.33, p ,, 0.01; SZ -AC, t ¼ 1.92, p ,, 0.01; CY -AC, t ¼ 1.77, p ¼ 0.01; SZ ¼ separation zone, CY ¼ cyclonic eddy, AC ¼ anticyclonic eddy). Post hoc tests comparing bathymetric zone, however, indicated that although shelf sites were significantly different from both slope (t ¼ 1.81, p ¼ 0.01) and ocean (t ¼ 2.23, p ,, 0.01) sites, there was no significant difference between slope and ocean (t ¼ 1.18, p ¼ 0.15). Similarity percentages (SIMPER) analysis indicated a broad suite of taxa drove differences between features. Differences between the cyclonic eddy assemblage and the other features were driven by higher abundances of Carangidae and Clupeidae, which jointly contributed .10% of the dissimilarity between features. Other higher-contributing species (3-5%) Table 1 . included larvae in the families Bramidae and Serranidae, which occurred more often in the anticyclonic eddy assemblage than in the separation zone and cyclonic eddy assemblage (Table 1) . Myctophids occurred more frequently than most other taxa across all features and bathymetric zones (Table 1) .
Environment-fish assemblage interactions
According to the DistLM analysis, 20% (R 2 ¼ 0.20) of the variation in the larval assemblages was explained by temperature (pseudo-F 5,29 ¼ 3.98, p ,, 0.01) and fluorescence (F 5,29 ¼ 2.75, p ,, 0.01). PCO plots reflect these results, with major clustering of larval fish assemblages among features and among bathymetric zones corresponding strongly to temperature and fluorescence vectors (Figure 6a ). In addition, areas of high temperature correlate with low levels of fluorescence, which reflects the contrasting productivity and temperature properties of the separation zone and the two eddies. Vectors representing families with a correlation .0.7 were overlaid on these clusters and revealed strong correlations with both the separation zone and cyclonic eddy (Figure 6b ).
Discussion
This study discovered strong associations between larval fish family assemblages and large-scale oceanic features of the EAC. There was evidence of greater entrainment of shelf-associated larval fish into the cyclonic eddy than into the anticyclonic eddy. We found that both temperature and fluorescence were key defining characteristics related to the larval fish assemblage structure. Our findings reveal the distribution of specific larval fish taxa with respect to the water types across the EAC separation zone and the associated eddies.
The highest levels of fluorescence were observed in the cyclonic eddy, followed by the anticyclonic and separation zone, with upwelling of nutrients in the cyclonic eddy likely increasing primary productivity . Low levels of fluorescence in the EAC and separation zone are characteristic of EAC waters, which are typically poor in nutrients and thus support little primary production (Adey, 1987; Suthers et al., 2011) . In contrast, none of the environmental variables differed among bathymetric zones, as the three oceanographic features flooded across all bathymetric zones. Despite this, the structure of larval fish assemblages did change significantly with distance from the coast.
The presence of diverse larval fish assemblages reflects the subtropical to temperate faunal transition zone over which we sampled . Larval fish diversity generally increases southwards in this region because the predominantly tropical larval fish assemblages are eventually joined by temperate species (Smith and Suthers, 1999; Booth et al., 2007) . The results of this study provide evidence of the association of larval fish assemblages and water masses of the EAC along the east Australian coast. Larval assemblages sampled from the different bathymetric zones (shelf, slope and ocean) and features (separation zone, cyclonic and anticyclonic eddies) were significantly different. The taxonomic basis of these differences in family assemblage structure is that they were largely driven by their relative degree of entrainment from the shelf, as well as temperature and fluorescence.
Sardine (Sardinops sagax) is of particular interest to the question of entrainment into the EAC and offshore eddies, as the western Tasman Front is considered a nursery ground for this species (Mullaney et al., 2011) . Sardine larvae form the majority of larval Clupeidae during spring (Ward and Staunton-Smith, 2002) and are common in inner-shelf waters (Uehara et al., 2005) . In general, the flexion and postflexion stages are dominant offshore in the western Tasman front, whereas preflexion, flexion and postflexion larvae are all found in cooler, more saline water typical of the shelf, before it is entrained and mixed into the western Tasman Front (Mullaney et al., 2011) .
The cyclonic eddy appeared to have entrained sardine larvae from the shelf, and there was evidence of smaller cyclonic frontal circulations within the cyclonic eddy, facilitating the entrainment process along the frontal edge of the EAC. Frontal eddies are upwelling favourable (Kimura et al., 1997; Everett et al., 2011) , and this environment would sustain the entrained zooplankton. The cyclonic Cyclonic entrainment entrainment process is also observed along the frontal edge of the Kuroshio Current, leading to increased primary and secondary production creating nursery grounds for Japanese sardine larvae (Kimura et al., 1997) . In contrast, there were very few larval sardine in the anticyclonic eddy, although plenty of oceanic larvae such as myctophids. Thus, from the larval fish assemblage we conclude that anticyclonic eddies were not favourable for entrainment of shelf water, at least into the surface waters. Near-shelf water is typically of a similar density to the surface waters of a cyclonic eddy, and therefore entrainment of the shelf assemblage would be apparent in our near-surface nets. In contrast, anticyclonic eddies could also entrain shelf water, but the inner-shelf waters are more dense (e.g. Baird and Ridgway, 2012) and may not be apparent in the nearsurface nets. The fate of larvae entrained into offshore eddies is unclear, but it is possible that they may experience improved survival before recruiting back to the coast (Sabatés et al., 2013; Mullaney and Suthers, 2013) .
Carangids and scombrids spawn more generally over the continental shelf and shelf break (rather than inner-shelf water), and the eggs and larvae are found in coastal assemblages as well as offshore in this region (Dempster et al., 1997; Neira et al., 1998; Gray and Miskiewicz, 2000; Neira and Keane, 2008) . These taxa were highly abundant at the shelf and slope (Table 1) , driving differences between slope and ocean assemblages. Like sardine, carangids were especially abundant in the cyclonic eddy and the adjacent shelf. Spawning "hotspots" of blue mackerel (Scomber australasicus, the predominant component of the Scombridae in our samples) in late winter and spring may be linked with upwelling of nutrient rich waters and temperatures of 19 -208C (Figure 4 ) (Neira and Keane, 
2008
). Scombridae were also more abundant in the cyclonic eddy than the anticyclonic eddy, driving differences among assemblages in the separation zone and cyclonic eddy.
Myctophids are a diverse group, and are often important midtrophic level species in the upper layers of the oceanic water (Bulman et al., 2002) . They are generally an ocean and continental slope taxon that frequently appear as the most dominant taxa in larval fish studies off eastern Australia (e.g. Young et al., 1996; Mullaney et al., 2011) . In our study they were also broadly distributed across all features and bathymetric zones, and did not follow the depauperate trend in the anticyclonic eddy observed for most of the other families sampled.
Although there were broad differences in taxon richness, which contributed to differentiation of assemblages among the features and bathymetric zones, there were a few main taxa driving these differences (namely labrids and stommiids). Labrids and stommiids are found in oceanic to shelf waters from tropical to temperate habitats (Neira et al., 1998) . In general, these families were mostly found in the warmer and less saline waters of the EAC separation zone (Table 1) and were key drivers of the differences observed between the EAC assemblages and those in the eddies. Their absence from the oceanographic features sampled further south likely arose due to entrainment within the separation zone, which acted to limit their transport to the more temperate waters (Dempster et al., 1997) . Such entrainment may have implications for southward larval dispersal from spawning at lower latitudes for such species (Figueira and Booth, 2010) .
Overall, the results of this study demonstrate the role of entrainment from the shelf in structuring the larval fish community in cyclonic eddies compared with anticyclonic eddies. The effect of eddy upwelling on sustaining the zooplankton and larval fish and in facilitating retention of larvae off the coast remains to be determined. Our study revealed a possible transport process from shelf and inner-shelf spawning to an offshore nursery area-the western Tasman Front. This region is directly analogous to the KuroshioOyashio transition area (Takahashi et al., 2001) , the Natal Bight nursery area off southeastern South Africa (Hutchings et al., 2002) , and possibly the Mid-Atlantic Bight and Charleston Gyre region off southeastern USA (Govoni et al., 2013) .
We found temperature and fluorescence to be key defining characteristics related to the structure of larval fish assemblages off southeastern Australia. The interaction of these factors with entrainment of larvae from coastal spawning areas is likely important in determining the survival of early life-history stages of many of the larval fish families presented here, which may significantly influence population recruitment and fisheries production in these areas. This hypothesis should be developed with further studies examining the relative contributions of the larvae in these areas to adult populations.
Supplementary data
A summary table of sampling information (Table S1 ), can be found at ICES Journal of Marine Science online.
